Abstract: A promising technique is presented for characterization of rates of energy transfer within solid-state laser crystals. The technique is applied to a 6at.% Tm 3+ :YLF crystal pumped with a 1680nm laser diode.
Introduction
Accurate spectroscopic measurements of gain media are of key importance for assessing the suitability of materials for an intended application. Apart from the typical spectroscopic parameters needed to assess the potential quality of the materials gain, possible parasitic effects such as energy transfer upconversion (ETU) also need to be evaluated with sufficient accuracy to determine the impact it may have. An ideal measurement is quick to carry out and leads to the determination of the parameter in question with low uncertainty. A range of methods are routinely used for the determination of absorption and emission cross sections, and fluorescence lifetimes, allowing simple media to be accurately characterized. At higher concentrations a range of energy transfer mechanisms can occur, complicating any analysis. This is of particular significance for thulium (Tm 3+ ) systems where high dopant concentrations are often utilized to access efficient cross relaxation (CR) and effective pumping with well-developed ~800nm highpower laser diodes. The tradeoff for efficient 3 
Rate equations
For this work we have assumed that only the four lowest manifolds of the thulium 3+ ion are populated; all higher levels are neglected. The populations of the different energy levels within the system are assumed to be accurately described by the set of rate equations presented below. For brevity the populations of the 3 Where A ij describes the rate of decay of population from energy level i to energy level j, σ 12 denotes the effective absorption cross section of the ground state at the laser diode wavelength and σ 21 denotes the effective emission cross section of the 3 F 4 level at the laser diode wavelength. I p denotes the effective pump-photon flux, the number of photons passing through an area of 1cm 2 each second multiplied by the material's refractive index. The W etu and W cross parameters account for ETU and CR.
For boundary conditions it is assumed that at t=0, a long time after any previous optical excitation all the ions are in the ground state, ie. n 1 = n total and n 2 =n 3 =n 4 =0. An energy level diagram with the modeled transitions is presented in Fig 1(a) . For accuracy between simulated and experimental results it is necessary to accurately establish each of the parameters in the rate equations. Literature values of radiative lifetimes for Tm:YLF are complicated by significant overlap between emission and absorption spectra leading to strong radiation trapping. For our lifetime measurements the 'pinhole method' was employed to mitigate against this energy migration mechanism [3] . This technique allows us to measure a 3 F 4 lifetime of 6.9 ± 0.1 ms, significantly shorter than the 12.5 ms we measure with no pinhole. For the branching ratios used to calculate the rates we use the values given by Walsh et al [4] . 
Experimental setup
A 1680nm single emitter laser diode is collimated by two cylindrical lenses and a small fraction of the light is reflected onto an InGaAs photodiode to allow the pump signal to be recorded. The remainder of the light is focused to a ~150µm radius spot close to the surface of the crystal under test. The crystal is placed at an angle of ~35° to normal incidence and a pinhole is placed in contact with the crystal face. While the pinhole may act to limit radiation trapping its main role is to block fluorescence signal from regions of crystal experiencing lower intensities due to prior absorption and divergence of the pump beam. The 1.5mm diameter pinhole used is estimated to reduce the observation depth to around 1.3mm, comparable to the small signal absorption length of 1.1mm. A single plano convex lens collects fluorescence, which is focused through an appropriate filter onto a photodiode. The 800nm fluorescence is collected with a silicon photodiode and the 2000nm fluorescence with an extended InGaAs photodiode. The photodiode signals are amplified and recorded using a digital oscilloscope. The pump output is controlled by a laser diode driver, modulated by a pulse generator capable of varying the duration of the laser pulses. A drive current was found such that the pulse duration could be varied between 3ms and 50ms, with minimal change in the laser spectrum at a repetition frequency of 3Hz. The signals from the photodiodes were recorded for pump durations of 3, 5, 10, 25 and 50ms and are shown, normalized to the highest value, in Fig 2. 
Analysis
The rate equations described above were numerically solved and compared to experimental data for a range of W cross , W etu and I p parameters. The CR parameter strongly shapes the decay of the 3 H 4 population, no accurate fit could be found for values less than 10 -18 cm 3 ·s -1 imposing a hard lower limit on this value. The ETU parameter shapes the relative peak fluorescence values for the different excitation durations and no fit could be found for values higher than 10 -18 cm 3 ·s -1 imposing an upper limit on this energy transfer mechanism. The effect on the simulated 3 H 4 population of changing the ETU and CR parameters over 3 orders of magnitude is shown in figure 3 . Several assumptions made within the model have not yet been fully realized experimentally. One of potential significance is the spatial dependence of the pump irradiance. In this work the pump beam was focused to a spot size significantly smaller than the pinhole used, with an average irradiance of 2kW·cm -2 , with a near-Gaussian pump profile. Due to the nonlinear nature of the dynamics of the system this effect will manifest differently in the fluorescence waveforms from the 3 H 4 , which is populated non-linearly, and 3 F 4 manifold, where the predominant population and depopulation mechanisms are linear. Several techniques are under investigation to reduce the effect of the non-uniform pump irradiance.
Summary
We have employed a simple technique to determine an upper bound for the ETU and lower bound on the CR rates for 6% Tm:YLF. With refinement of the technique a significant reduction in the uncertainty is expected. The experimental equipment required is readily available in most optics labs and the time required for measurements is minimal potentially making this an attractive technique for the rapid characterization of gain media.
